Background: Patients with end-stage renal disease requiring dialysis are at high risk for bloodstream infection and infection-related death. Whether patients with chronic kidney disease who are not receiving dialysis are also at increased risk of bloodstream infection is less clear.
tion, of which most (75%) were community-onset infections. Compared with patients with an eGFR of 60 mL/ min/1.73 m 2 or higher, adjusted hazard ratios (95% confidence intervals) for bloodstream infection according to eGFR were, respectively, 1.24 (1.01-1.52), 1.59 (1.24-2.04), and 3.54 (2.69-4.69) in those with an eGFR of 45 to 59, 30 to 44, and less than 30 mL/min/1.73 m 2 . The associations were consistent for both communityonset and nosocomial infections. Compared with patients with an eGFR of 60 mL/min/1.73 m 2 or higher, the risk of death within 30 days of community-onset bloodstream infection was significantly greater in those with an eGFR less than 30 mL/min/1.73 m 2 (hazard ratio, 4.10; 95% confidence interval, 2.06-8.14).
Conclusion:
Older adults with chronic kidney disease not being treated with dialysis are at increased risk of bloodstream infection and of death following communityonset bloodstream infection. Med. 2008; 168(21) : [2333] [2334] [2335] [2336] [2337] [2338] [2339] C HRONIC KIDNEY DISEASE (CKD), defined by an estimated glomerular filtration rate (eGFR) less than 60 mL/min/1.73 m 2 or evidence of structural kidney damage, affects at least 20% of adults 65 years or older and has been independently associated with hospitalization and death. 1, 2 The excess risk of morbidity and mortality in patients with CKD is largely attributable to cardiovascular events 3, 4 ; however, recent cohort studies have suggested that CKD is also a risk factor for noncardiovascular morbidity and mortality 5 including that caused by infection. 6, 7 Few studies have investigated associations between CKD and specific infectious conditions.
Arch Intern
Bacteremia is the second leading cause of death in patients with end-stage renal disease (ESRD) requiring dialysis. 8, 9 The high rate of bloodstream infection in patients receiving hemodialysis is attributable in part to the requirement for vascular access. 10, 11 While not as high as in patients receiving dialysis, reported rates of hospitalization because of septicemia in patients with CKD not being treated with dialysis seem to be 3-to 4-fold greater than in patients without CKD. 12 However, it is unclear whether this observation is attributable to the consequences of CKD or explained by the older age and greater burden of comorbidities in patients with CKD.
We sought to determine the association between CKD not treated with dialysis and bloodstream infection in a large community-based cohort of older adults. Cognizant that an increased rate of hospitalization for patients with CKD could explain increased rates of bloodstream infection from nosocomial infections alone, we also analyzed communityonset and nosocomial bloodstream infection as separate outcomes. 13 We hypothesized that patients with a lower eGFR would be more likely than patients with preserved renal function to develop bloodstream infection, independent of age or comorbidities.
METHODS

STUDY POPULATION
The cohort included all adults 66 years or older with at least 1 outpatient serum creatinine measurement between July 1, 2001, and December 31, 2001 , as identified from the Calgary Laboratory Services database in Calgary, Alberta, Canada. Calgary Laboratory Services provides testing for the entire Calgary Health Region (catchment population, 1.1 million, with 80 567 subjects 66 years or older in 2001) using a single regional laboratory and standardized methods that are routinely recalibrated against reference standards. To avert classifying episodes of acute renal failure as CKD, laboratory measurements associated with a hospital admission were excluded. Patients were excluded if they were receiving renal replacement therapy (hemodialysis, peritoneal dialysis, or kidney transplantation) at study enrollment or if the baseline estimate of kidney function was clinically implausible (eGFR Ͼ150 mL /min/1.73 m 2 ; n=80).
MEASUREMENT OF KIDNEY FUNCTION
The GFR for each patient was estimated using the abbreviated 14 Black race was omitted from the equation because this variable was unavailable in the data source, although this is unlikely to bias results because less than 1% of the population of Calgary is black. 15 Serum creatinine measurements were analyzed in a single laboratory, eliminating the potential for interlaboratory measurement variation. We have previously reported indirect calibration of eGFR results for this laboratory using an isotope dilution mass spectrometry reference standard and the modified Modification of Diet in Renal Disease Study equation, 16 with valid estimates obtained. 17 Furthermore, we have observed minimal intralaboratory variation in eGFR over time in our setting, as previously described. 18 We used the first eGFR determined during the study entry period to define baseline kidney function.
OUTCOMES
The primary outcome of interest was first bloodstream infection isolated in any clinical setting. All blood was cultured by Calgary Laboratory Services using an automated blood culture system (BacT/Alert; Organon Teknika Corp, Durham, North Carolina). Calgary Laboratory Services performs almost all (Ͼ95%) standard microbiology testing for hospitals, nursing homes, physician offices, and community collection sites in the Calgary Health Region. 13 A blood culture set consisted of an aerobic and an anaerobic bottle pair obtained from a single draw. Organisms were isolated and speciated using standard methods. A bloodstream infection was defined as the growth of a pathogenic organism (bacteria or yeast) from at least 1 set of blood cultures and was determined by linking each patient to the Calgary Laboratory Services microbiology database using their unique provincial health care numbers. Organisms frequently associated with skin contamination (coagulase-negative staphylococci, viridans group streptococci, and Bacillus, Corynebacterium, or Propionibacterium species) were excluded from the primary analysis because of the difficulty in establishing their clinical significance. 13, 19 Further analyses were also performed by subdividing first bloodstream infection into communityonset or nosocomial bloodstream infection. Infections were defined as community-onset if submitted from community-based collection sites or identified within the first 2 days of admission to an acute care facility 13 and as nosocomial if identified after 2 days of admission to an acute care facility. The secondary outcome of interest was death within 30 days of community-onset bloodstream infection, with date of death determined by linkage to the Alberta Bureau of Vital Statistics, which maintains records of deaths of all residents of the province of Alberta. Patients were followed up to December 31, 2004 , for all outcomes, with censoring at date of death or initiation of renal replacement therapy. Emigration from the Calgary Health Region was not identified; however, the 2002-2003 population estimates for emigration from Calgary of less than 2% 20 were not expected to bias results.
COVARIATES
The cohort was linked to provincial administrative data to obtain a measure of comorbidity based on prescription drug use in the 6 months before the index serum creatinine concentration as determined by the Chronic Disease Score, which is a validated index weighted on patterns of drug use, with higher scores reflecting increased comorbidity. 21 Prescription drug use was also used to define the presence of diabetes mellitus, defined as at least 1 prescription for insulin or an oral hypoglycemic agent in the year before cohort entry. Hemoglobin and albumin measurements were obtained from the Calgary Laboratory Services database. Although unavailable for all patients, during the study, hemoglobin levels were determined in 17 979 patients (70% of the cohort), and serum albumin levels in 5493 patients (21%). Linkage to the Southern Alberta Renal Program database was performed to determine whether patients were receiving care in a dedicated CKD clinic 22 and to exclude patients receiving renal replacement therapy at study enrollment. The Southern Alberta Renal Program provides ESRD care to all patients within the Calgary Health Region and maintains computerized records of all patients receiving dialysis, renal transplantation, or nondialysis CKD care.
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STATISTICAL ANALYSES
Baseline characteristics according to eGFR were summarized as mean and standard deviation for normally distributed continuous variables, percent prevalence for dichotomous variables, and median with interquartile range for variables with a nonnormal distribution. Differences in baseline characteristics according to eGFR were compared using analysis of variance, the 2 test, and the Kruskal-Wallis test, as appropriate. Adjusted rate of first bloodstream infection and mortality were calculated using Poisson regression, adjusting for age, sex, diabetes mellitus, and comorbidity score (as quartiles of the Chronic Disease Score). To control for factors specific to the specialized care of patients with CKD that may influence the risk of bloodstream infection, we also adjusted for care in a dedicated CKD clinic.
The association between eGFR and risk of first bloodstream infection was determined using Cox proportional hazards models including adjustment for age, sex, diabetes mellitus, comorbidity score (as quartiles of the Chronic Disease Score), and care in a dedicated CKD clinic. The modifying effects of sex and diabetes were tested by including interaction terms and testing their statistical significance in the Cox proportional hazards models. Patients were censored at death or initiation of renal replacement therapy (hemodialysis, peritoneal dialysis, or renal transplantation). The association between level of kidney function and risk of death within 30 days of community-onset bloodstream infection was determined using Cox proportional hazards models including adjustment for age, sex, diabetes mellitus, comorbidity, and care in a CKD clinic, with censoring at death not related to bloodstream infection or at initiation of renal replacement therapy.
Additional analyses were performed including adjustment for hemoglobin and albumin concentrations in a subgroup of the cohort with these measurements and using Poisson regression models that included repeat infections (subsequent bloodstream infection with a different microbial species or a bloodstream infection with the same microbial species Ͼ6 months after the initial infection) in the same patient. The proportional hazards assumptions were tested and met using lognegative-log plots and scaled Schoenfeld residuals and by including time-dependent covariates (for eGFR, age, sex, diabetes, and comorbidity score) in the Cox models. All statistical analyses were conducted using commercially available software (STATA, version 10; STATA Corp, College Station, Texas). The conjoint health research ethics board of the University of Calgary approved the study.
RESULTS
CHARACTERISTICS OF THE COHORT
A total of 25 675 patients met criteria for enrollment in the cohort, of whom 6941 (27.0%) had CKD as defined by an eGFR less than 60 mL/min/1.73 m 2 . Patients with an eGFR less than 60 mL/min/1.73 m 2 were older, more likely to be female, had greater comorbidity, had lower hemoglobin and serum albumin concentrations, and were more likely to receive care in a CKD clinic ( Table 1) . One hundred eighteen patients with an eGFR less than 15 mL/min/1.73 m 2 who were not receiving dialysis at cohort enrollment were included in the "eGFR less than 30 mL/min/1.73 m 2 " category. Tests for interaction involving sex by eGFR and diabetes mellitus by eGFR were nonsignificant (P=.15 and .71, respectively), demonstrating that the increased likelihood of infection in patients with lower levels of kidney function was not modified by these characteristics.
Of the 797 patients who developed a bloodstream infection, 597 (75%) had the onset of first bloodstream infection in a community setting. Compared with patients with an eGFR of 60 mL /min/1.73 m 2 or higher, adjusted HRs for community-onset bloodstream infection increased incrementally with lower eGFR ( Table 2) . The minority of patients with bloodstream infection (25%) developed the infection during a hospitalization. Although adjusted rates of nosocomial bloodstream infection were lower than those for community-onset bloodstream infection, significant associations between eGFR and nosocomial bloodstream infection were also observed for patients with more severe CKD (eGFRϽ30 mL/min/1.73 m2) ( Table 2) .
The microbial etiology of all bloodstream infections according to eGFR is given in Table 3 . Infections with Escherichia coli and Staphylococcus aureus accounted for most bloodstream infections at all eGFRs. Rates of infection with a variety of gram-positive organisms, gramnegative organisms, and anaerobes all increased across lower levels of kidney function.
RISK OF DEATH WITHIN 30 DAYS OF COMMUNITY-ONSET BLOODSTREAM INFECTION
Of the 597 patients who developed a community-onset bloodstream infection, 80 (13.4%) died within 30 days of the onset of infection. Mortality after community-onset bloodstream infection was low, and compared with patients with an eGFR of 60 mL/min/1.73 m 2 or higher, patients with an eGFR of 45 to 59 mL/min/1.73 m 2 and 30 (Table 4) . However, compared with patients with an eGFR of 60 mL/min/1.73 m 2 or higher, those with more severe CKD (eGFR Ͻ30 mL/min/1.73 m 2 ) were at significantly higher risk of death (HR, 4.10; 95% CI, 2.06-8.14).
ADDITIONAL ANALYSES
To address the possibility that the association between eGFR and bloodstream infection could be explained by consequences of CKD including anemia or hypoalbuminemia, we performed additional analyses limited to 4251 members of the cohort with measurements of hemoglobin and albumin concentrations. After further adjustment for hemoglobin and albumin concentrations, there was no longer an association between bloodstream infection and eGFR at eGFR 30 to 59 mL/min/1.73 m 2 (HR, 1.00; 95% CI, 0.67-1.48). However, an independent association remained between the risk of bloodstream infection and eGFR less than 30 mL/min/1.73 m 2 (HR, 2.24; 95% CI, 1.38-3.63), which suggests that these factors do not completely explain the increased risk of bloodstream infection at lower eGFRs. Analyses using Poisson regression that included repeat bloodstream infections in the same patient produced similar conclusions as the primary analyses for time to first bloodstream infection.
COMMENT
Older adults with CKD were at increased risk of bloodstream infection, most of which were of community onset. The magnitude of this association increased across all eGFRs less than 60 mL /min/1.73 m 2 , even after adjustment for common risk factors, and was most apparent in patients with an eGFR less than 30 mL /min/1.73 m 2 . Although death following community-onset bloodstream infection was uncommon, the risk was increased more than 4-fold in patients with an eGFR less than 30 mL/min/1.73 m 2 compared with those with an eGFR of 60 mL/min/1.73 m 2 or higher. Previous investigations have firmly established ESRD as a strong risk factor for septicemia [8] [9] [10] [11] ; however, few epidemiologic reports have addressed the risk of infections in patients with CKD not treated with dialysis. Recent data from the United States Renal Data Service in which CKD was identified from hospital billing codes suggest that higher rates of hospital admission because of septicemia are noted in patients with CKD compared with those without CKD. 12 There are a number of limitations to this information, including insensitive definitions of CKD and septicemia based on administrative data 24 and the inability to determine severity of kidney disease or to control for confounders. Our study expands on the association between bloodstream infection and CKD not treated with dialysis suggested by the United States Renal Data Service data, using a more sensitive measure of CKD and an objective measure of infection. Furthermore, our results complement those of other studies that have identified associations between CKD and infectionrelated hospitalization and death. 6, 7 The etiology of the increased risk of bloodstream infection observed in patients with CKD is likely multifactorial. Renal dysfunction may be a marker of other conditions that increase susceptibility to infection, although common risk factors including age, sex, diabetes, and comorbidity did not entirely explain the increased risk of bloodstream infection in our study. While it is unlikely that unmeasured confounders such as malignant neoplasms or immunosuppressant use can completely explain the association between CKD and bloodstream infection because of their low prevalence in communitybased populations with CKD, 2, 25 we cannot exclude the possibility of residual confounding owing to the comorbidity measure used or from lack of data for variables such as medical procedures. However, the magnitude of effect at lower eGFR suggests that this association is unlikely to be completely eliminated even with further adjustment. Although we did perform analyses excluding nosocomial infections to minimize confounding from higher rates of hospitalization in the CKD population, we are unable to exclude infections that may have been a consequence of outpatient procedures requiring intravenous access or dialysis access creation. Nevertheless, the high rate of infection with gram-negative organisms is unlikely to be explained by inoculation during intravenous cannulation.
It is possible that urologic disease may explain some of the increased risk of bloodstream infection with CKD owing to infections from urinary tract sources. Alternatively, this association could be explained by several consequences of CKD that have been proposed to contribute to infection, including malnutrition, chronic inflammation, retention of uremic solutes, trace element deficiencies, and metabolic abnormalities. 26 Furthermore, abnormalities in neutrophil and lymphocyte function that occur in the setting of ESRD suggest that impairment of immune function may contribute to infection susceptibility in the setting of CKD. 27, 28 We were unable to directly de- termine which of these elements contributed to risk of bloodstream infection in this study, although additional adjustment for hemoglobin and albumin concentrations (proxies for nutritional status and inflammatory disorders that may be on the causal pathway to infection) 8, 11, 29 did not entirely explain the increased risk in patients with an eGFR less than 30 mL/min/1.73 m 2 . Further research is needed to clarify mechanisms of infection susceptibility in patients with CKD.
Although this study provides novel information on the relationship between CKD not treated with dialysis and infection, it has limitations. Our cohort was restricted to patients older than 65 years from a single Canadian Health Region and relied on laboratory data to define the study cohort, potentially limiting the generalizability of our findings to elderly white patients who sought medical care. Given that older adults are more likely to access the health care system and undergo laboratory testing, this is unlikely to substantially bias our results, which reflect current clinical care and target a population with the highest risk of both bloodstream infection and CKD. 1, 13 It is also possible that misclassification of patients insofar as CKD stage may have occurred as a result of inaccuracies in eGFR measurement in elderly patients. 30, 31 However, our direct assessment of kidney function is a distinct advantage in comparison with previous studies. Our findings may be vulnerable to ascertainment bias if patients with lower levels of kidney function were more likely to have blood cultures performed. Although no standardized protocols exist for blood-culturing practices in our health region, it is reassuring that previous studies have demonstrated that rates of ordering of common microbiology laboratory tests are not determined by the presence or absence of specialist care. 32 These findings have implications for future CKD research and management. Bloodstream infection is a severe, though relatively rare, manifestation of bacterial disease from several potential sites of infection. Further research is needed to characterize sources of infection and the potential for additional morbidity from infections that are not manifested by bacteremia. Inasmuch as existing CKD cohort studies suggest that 42% of deaths may not be attributable to cardiovascular causes, 5 further study is necessary to determine the degree to which infection contributes to the increased risk of death in CKD populations. Interventions that prevent bacterial infections may provide an opportunity to improve morbidity and mortality associated with CKD.
In conclusion, the results of this study demonstrate that CKD is associated with an increased risk of bloodstream infection and death following community-onset bloodstream infection in older adults. The causes and implications of this association warrant further study. Our findings suggest that health care providers should consider the possibility of bacterial infections and should reduce modifiable risks for infections when caring for patients with CKD. Strategies with the objective of reducing the risk of bacterial infection in community-based CKD cohorts deserve further study.
